The circadian system in mammals is a hierarchy of oscillators throughout the organism that are coordinated by the circadian clock in the hypothalamic suprachiasmatic nucleus (SCN).
Introduction
The circadian system is an integrated structure that operates through a hierarchy of oscillators in peripheral tissues and other brain regions with the suprachiasmatic nucleus (SCN) functioning as the primary pacemaker or master oscillator and is located in the SCN of the anterior hypothalamus (40) The clock is synchronized to the rhythms of the outside world primarily by photic signals received in the retina then transmitted to the SCN (43) . Within the SCN, photic and nonphotic signals set and entrain molecular circadian rhythms generated within pacemaker cells via positive and negative transcriptional and translational feedback loops (44) .
This clock machinery is present not only in the SCN, but also in tissues throughout the body, including other brain regions (16, 17, 21) .
The influence of the circadian clock on cardiovascular physiology is reflected in daily cyclic variations in systolic blood pressure, vasodilatation, metabolism, and basal heart rate (16, 50) . For example, blood pressure rises in the early morning, peaks midday, and then starts to decline reaching a trough during the night (33) . Peptides and hormones, including catecholamines and the renin-angiotensin aldosterone system (RAAS), that regulate blood pressure and vasodilatation, are known to express robust circadian expression patterns, (39) .
Circadian regulation of these peptides combined with autonomic bias creates a "time of vulnerability" window of the cardiovascular system for initiation of adverse events such as myocardial infarction, angina, and ischemic stroke (26, 32) .
Recently, in a rodent model of cardiomyopathic disease, desynchronization of the circadian clock was found to decrease longevity (38) . We have shown that abnormal light:dark schedules (LD 10:10) can exacerbate heart disease in mice; whereas a return to normal light:dark (LD 12:12) conditions can abate this effect (29) . We have further demonstrated the essential role of internal circadian desynchrony in the development of heart disease using the tau mutant hamster model (28) . The regulation of this multitude of circadian effects on the cardiovascular system by the SCN is only beginning to be understood from a circadian perspective. From this view, the heart and vasculature must be considered not only as organs with defined functions, but also as peripheral clocks that play a key role in maintaining the health of the organism, and consequently a part in disease as well.
A variety of signals now have been shown to synchronize clocks in peripheral tissues, and/or moderate communication between the SCN and clocks in target tissues. Peripheral clocks in vivo can be synchronized by light and scheduled food availability (9, 17, 45) . Rhythms also have been restored in cell cultures by temperature cycles (6) , or treatment with serum plasma (FBS) (5, 19, 20) , ANG II (35) , glucocorticoids (i.e. cortisol) (4, 20) , norepinephrine (NE) and the protein kinase A (PKA) activator, forskolin (10) . Therefore, control is achieved via both sympathetic input and hormonal avenues. Though progress has been made in determining the hormonal mechanisms that control the circadian clock in peripheral tissues, the picture remains incomplete. This is largely due to the fact that only a small number of potential effectors that could alter circadian rhythms in the periphery have been investigated, and few different cell models exist with which to address such questions (21) .
To investigate circadian regulation of genes that are important in vascular structure and function in detail, we used the mouse vascular smooth muscle cell line one (Movas-1), and studied the temporal expression of seven genes relevant to vascular function. We first determined whether the Movas-1 cell line could be used as a suitable model to study circadian rhythms in a peripheral tissue by ascertaining if the Movas-1 expressed the components of the molecular clock, and possess a functional circadian clock. We tested the response of these cells to known synchronizing factors NE and forskolin. We then examined the potential effect of the circadian clock on genes involved in maintaining the integrity and function of vascular cells.
Materials and Methods

Maintenance of the Movas-1 cell line
The Movas-1 cell line was derived from aortic smooth muscle cells of male C57BL6 mice ( Figure 1A, (1) ). The cells were immortalized using a retrovirus containing the SV40 large-T antigen. These cells express the smooth muscle cell markers α-actin and sm22α. Movas-1 cells were grown in a tissue culture incubator set to 37°C and 5% CO 2 . Under regular conditions, Movas-1 cells are grown in Dulbecco's Modified Eagles Medium (DMEM, SigmaAldrich, Oakville, ON, Canada) supplemented with 10% Fetal Bovine Serum (FBS, Hyclone; distributed by Fisher Scientific, Ottawa, ON, Canada), and 1% penicillin-streptomycin (PenStrep, Gibco; distributed by Invitrogen, Burlington, ON, Canada). In order to maintain Movas-1 in an immortalized state, the plasmid containing the T-antigen in these cells was also encoded with the gene conferring neomycin resistance. Therefore, in accordance with the established protocol (1), after 10 consecutive passages the Movas-1 cells were treated on alternate days for 3 days, with 200 µg/mL Geneticin (G418, Gibco). Medium was refreshed before each treatment with G418. Replicate experiments were conducted with cells of a different passage number.
Experimental treatment of Movas-1 cells
Movas-1 cells were subjected to three time course protocols in which they were either (1) left untreated for baseline experiments, or treated with (2) FBS, or (3) treated with NE or Forskolin alone. A summary of the treatment protocols can be found in Supplemental Figure 1 .
For all experiments, Movas-1 cells were grown to 100% confluencey in 150 mm size tissue culture plates, and then diluted 1:6 into 60 mm plates. Once diluted, the cells were grown overnight, again to 100% confluencey and then used the next day. This was considered time zero, after which total ribonucleic acid (RNA) was collected every 4 h for 36 h. Confluent plates of Movas-1 cells were used for all experiments in order to exclude the cell cycle as a potential cause of any patterns in gene expression that might be observed over the time course.
In order to synchronize the clock in the Movas-1 cells in culture, a 20% (by volume) FBS serum shock was used. Serum shock synchronizes gene expression of individual cell to one another (10, 34) . To serum shock the Movas-1 cells, they were washed with 1xPBS (Phosphate Buffered Saline) solution, placed in 3 mL serum free media (with 1% PenStrep) for 12 h, the FBS was then administered for 30 min. The media was then removed, and replaced with 3 mL of culture media. This was considered as time zero, and total RNA was collected every 4 h for Table 1 ) tested in the aortic tissue was, 48°C for 30 min, 95°C for 10 min, followed by amplification using 95°C for 15 sec, and 60°C for 1 min (40 repeats/cycles).
Histone primers were used as control.
All primers were designed using mouse mRNA sequences, and were made to flank at least one intron. Newly designed primers and those taken from published work were tested in the samples at a given timepoint were collected and placed together, the foil was immediately folded, the sample packet quick frozen in dry ice, followed by storage at -80 0 C until use.
Total RNA was prepared from the vascular tissue samples using TRIzol Reagent (Invitrogen, Burlington, Canada), as per manufacturers protocol. The quality of the RNA was determined on 
Results
The circadian clock machinery in Movas-1 cells
The Movas-1 cell line was derived from aortic smooth muscle cells of male C57BL6 mice ( Figure 1A , (1)). The cells were immortalized using a retrovirus containing the SV40 large-T antigen. These cells express the smooth muscle cell markers α-actin and sm22α. Movas-1 cells were screened for several genes critical to the core molecular circadian clock mechanism.
As shown in Figure 1B , bmal1, cry1, cry2, per1, per2 and clock mRNA transcripts were detected in Movas-1 cells. The GT1-7 cell line was previously used to study circadian rhythms in the hypothalamus (13) . Sizes of PCR products are listed (Table 1 ). These results demonstrate that the core molecular clock elements are expressed in Movas-1, making them a possible candidate vascular cell line to study circadian rhythms in vitro.
Serum shock is traditionally used in cell culture to synchronize individual cells on the plate with respect to one another (5); otherwise a coherent pattern in mRNA cycling may not be observed. Synchronized cycling was not observed under normal culture conditions, as expected ( Figure 1C ). However, mRNA cycling of bmal1 mRNA was observed following a 20% serum shock, consistent with the notion that serum shock reestablishes cellular synchrony ( Figure 1D ).
Expression of other clock genes, per1, per2, rev-erbα, also vary significantly over time ( Our group recently demonstrated that diurnal rhythmicity is critical to cardiovascular structure and function in health and disease (29) . We are now interested in incorporating an in vitro model to further study the transcriptional mechanisms involved, and postulate that the Figure 3A) . The presence of these transcripts indicates that the Movas-1 cells may serve as a model for examining cell-specific gene regulation.
Given these results we next conducted an in silico analysis in order to determine if there were potential similar binding sites for circadian transcription factors within the promoter region of these genes. In general, E-boxes are defined by sequence CANNTG (where N can be any base pair), among the transcription factors that bind to these sequences are the BMAL1:CLOCK heterodimers. One thousand base pairs of the promoter region upstream of the transcriptional start site of the: timp1, timp3, col3a1, sm22α, and cnn1 genes were scanned for E-boxes. timp1
was the only gene examined found not to have any E-boxes within the specified region of the promoter (Supplementary Figure 3B) . These results show that there are potential binding sites for circadian transcription factors in the promoter region of these genes.
Profile of cardiovascular structural, remodeling, and smooth muscle cell type specific genes over time in Movas-1 cells, and mouse aortic tissue.
We next focused on the potential for these genes to be under temporal regulation by the circadian clock. Of the cardiovascular genes found to be present in the Movas-1 cells several displayed a robust as well as significant variation over time post-serum shock (Figure 4) , as compared to no serum shock (data not shown; p>0.05). These results were confirmed using the cosinor analysis program CHRONOLAB. These data suggest that the circadian clock plays a role in mRNA expression of important cardiovascular genes.
In order to corroborate the data gathered on cardiovascular gene expression from the Movas-1 cells in vitro, with gene expression in vivo, we performed microarray analyses. Aortae were collected from male C57BL6 mice were entrained to a normal 12:12 LD (12h light: 12h dark) schedule. One-step real-time PCR validated the microarray observations ( Figure 4 ).
Statistical analysis of the real-time PCR data from the mouse aortic tissue revealed a significant change in expression level across the day/night cycle for all the genes examined. Interestingly, the profiles of genes that appear similar to one another in vivo, for example, timp1, and sm22α also parallel one another in vitro, in the Movas-1 cells with serum shock. Overall, these results confirm that the temporal changes in gene expression observed in our in vitro model.
Discussion
The SCN plays an essential role in the coordination of circadian rhythms in peripheral tissues (16) . However, the means by which this coordination is achieved largely remains a mystery. This gap is due in part to the complexity of the circadian system and the relatively recent development of the technical and molecular tools required to fully answer questions of This finding supports the conclusion drawn from evidence collected from fibroblast cells: that the individual clocks of each cell in a tissue culture plate of cells cycle but out of phase with one another unless they are synchronized via some external stimulus (34, 49) . The only immortalized cell line which is able to demonstrate coherent circadian oscillation in clock genes without such a signal in culture is the SCN 2.2 cell line (19) . Therefore, to observe cycling of the circadian clock machinery in Movas-1 cells, a synchronization protocol was established using exposure to a 20% FBS shock for 30 min. Under these conditions, core clock components bmal1, rev-erbα, per1, per2, cycled significantly whereas clock was expressed at similar levels throughout the time course (data not shown). This constitutive expression profile of clock mRNA as opposed to robust cyclical change is consistent with reports from cultured hypothalamic cells (GT1-7; (5, 13)), primary SCN tissue (12) , and primary retinal tissue (22) ; although data collected from whole heart tissue in mice from our group and others suggests a slight (2-fold) change in clock gene expression over time (27, 51) . Cycling members of the circadian clock machinery had an approximate period of 24 h, as expected (41).
Interestingly, the cycling of bmal1 and per2 mRNA in the Movas-1 cells was remarkably comparable to the pattern of those genes in serum shocked primary human smooth muscle cells, including the times of maximal and minimal expression (25). The timing of peak clock gene expression is illustrated in a radar diagram, in figure 2 D: per1 and per2 peak at the 1 h time point, whereas bmal1 peaks at roughly 12 h, and rev-erbα at 16 h post-serum shock. This indicates that the clock machinery members are in proper phase alignment to one another, as bmal1 peaks after its negative transcriptional regulators per1, per2, and rev-erbα have declined and vice versa. The phase difference between bmal1, and the period genes of 11 h is comparable to phase difference of 9-10 h observed in whole heart similar to that observed in primary cardiomyocytes and whole heart tissue (10, 27, 36) . Also the phase difference between rev-erbα and bmal1 is approximately 4 h, which is nearly identical to that observed in myocytes and primary heart tissue of 3-5 h (10).
A principal function of the circadian system is to appropriately time physiology and behaviour with the rhythmic changes in the environment. The circadian clock achieves this by directly regulating the production of mRNA in a rhythmic manner, such that the peak expression of a particular gene precedes the time of day when the protein product of that gene is required for the cell to function properly. This coordination at the cellular level combined with synchrony in mRNA synthesis among cells that comprise a particular tissue, for example the heart, effectively prepare the organ to function in a specific manner according to the external environment (27, 37, 46) . Our group has found via microarray analysis of the normal mouse heart, that genes that comprise the ECM (collagen), as well as those that mediate reconstruction of the ECM, including inhibitors of metalloproteinases, show a distinct profile over the day/night cycle. For instance, timp3 increases and peaks during the night, the active phase of the cycle for mice which are nocturnal, and troughs during the day when sleep (27) . Therefore the next objective of this project was to determine if the circadian clock is involved in controlling the mRNA expression of several cardiovascular genes including those involved in matrix remodeling (inhibitors of metalloproteinases), structural organization (collagen), and smooth muscle cell specificity (calponin, transgelin), in vascular smooth muscle cells using the Movas-1 model. The Movas-1 cells were initially screened and found to express several cardiovascular genes: timp1, timp3, col3a1, sm22α, and cnn1.
In order to determine if cycling in these genes in the in vitro setting was a reflection of the in vivo situation, we scanned and analyzed microarray data generated from mouse aortic tissue for profiles of each gene under normal day/nigh conditions. All of the cardiovascular gene profiles generated from the aortic tissue samples changed significantly over time. The dampening of the pattern in timp1, cnn1, and sm22α within the Movas-1 cells, as compared to the mouse aorta, may be due to the fact that there is a cue missing from the serum that is present in the whole animal that maintains the rhythm, or perhaps these genes are controlled indirectly by a transcription factor that itself is directly clock regulated. Such indirect regulation may be altered more readily as the cells drift out of synchrony with one another over the time course.
Our ability to detect true circadian cycling in our in vivo model and in vitro for these genes is supported by the fact that microarray analysis of the mouse aorta (42) .
Radar diagrams of the microarray data and Real-time PCR data from mouse aortic tissue are presented in Figure 6 . The microarray data is graphed according to mean fluorescence level ( Figure 6A ) and the aortic tissue samples by relative mRNA expression ( Figure 6B ). The timing of the first and second peaks in mRNA expression levels from the aorta was virtually identical when compared with the microarray for each of the genes investigated. Interestingly, both timp1
and timp3 peak together in both the Movas-1 and aortic tissue. Previous data gathered from the same animals shows that bmal1 mRNA peaks at ZT23 and per2 mRNA peaks at ZT11 (29) . The peaks in bmal1 and per2 occur 12 h apart, as was also observed in the Movas-1 cells. Taken together, these findings suggest that there is a specific coordination in the timing of peak gene expression in both the Movas-1 cells as well as in aortic tissue with respect to the circadian clock genes. Unlike the Movas-1, however, the peak expression in vivo is clearly divided largely into two groups, such that most genes peak at ZT7 and ZT19; once during the day and once during the night. The occurrence of two peaks in gene expression over the course of one day or every twelve hours is considered to be an ultradian rhythm. These ultradian rhythms may serve important physiological functions and further analysis of these rhythms is necessary (48).
Regardless of the manner in which the clock regulates gene expression over time, its coordination appears to serve a physiologic purpose. For example, microarray and real-time PCR data from the mouse aorta indicate that the major peak of sm22α occurs during sleep, when we postulate that the ECM is being repaired, and which is fitting considering its role in mediating actin stability (52). Microarray data also placed the peak of cnn1 mRNA expression during the active time of day for the mouse, which is appropriate given the proposed function of cnn1 in mediating smooth muscle contractility, and consistent with the notion of when these are best required for various physiologic processes (11) . This has implications for the maintenance of health of the vasculature given the specific expression of these genes over the day night cycle and the consequences of their disruption given their roles in the development in maintaining tissue health.
Perspectives and Significance
The cardiovascular gene expression profiles from Movas-1 cells exhibit remarkable similarity to that from the aortic tissue and microarray data. This finding is notable for several reasons: the harvested tissue contains a mixture of the various cell types found in the vasculature whereas the Movas-1 are a pure smooth muscle cell line, the Movas-1 were synchronized using serum, whereas the animals are controlled by the LD schedule. Data from the microarray and mouse aorta thus generally support the idea that these genes are under circadian, or possibly ultradian, transcriptional regulation within vascular smooth muscle. This work therefore creates a new avenue of investigation into the control of cardiovascular genes via the circadian clock system, which may have longer-term implications for the understanding and treatment of cardiovascular disease. Therefore, this study highlights the value of using an immortalized cell line to address mechanistic questions regarding the circadian clock in peripheral tissues, that is more difficult to accomplish in vivo, and lays the foundation for future investigations using this model. mice. One-way ANOVA indicates a significant variation in all genes shown p<0.0001.
Timepoints are compared relative to the 4 h timepoint for Movas-1 and 3 h timepoint for aortic tissue, using Tukey's multiple comparison test where; * p<0.05, **p<0.01, *** p<0.001.
Significant rhythmic expression patterns were confirmed using the cosinor analysis program CHRONOLAB. 
